The rate by which new mutations are introduced into a population may have far-reaching implications for processes at the population level. Theory assumes that all individuals within a population have the same mutation rate, but this assumption may not be true. Compared with individuals in high condition, those in poor condition may have fewer resources available to invest in DNA repair, resulting in elevated mutation rates. Alternatively, environmentally induced stress can result in increased investment in DNA repair at the expense of reproduction. Here, we directly test whether sexual harassment by males, known to reduce female condition, affects female capacity to alleviate DNA damage in Drosophila melanogaster fruitflies. Female gametes can repair double-strand DNA breaks in sperm, which allows manipulating mutation rate independently from female condition. We show that male harassment strongly not only reduces female fecundity, but also reduces the yield of dominant lethal mutations, supporting the hypothesis that stressed organisms invest relatively more in repair mechanisms. We discuss our results in the light of previous research and suggest that social effects such as density and courtship can play an important and underappreciated role in mediating condition-dependent mutation rate.
Introduction
Mutations are the ultimate source of genetic variation and the frequency by which they occur is at the heart of evolutionary diversification and population viability. The genome-wide mutation rate per individual and generation, U, is a key parameter in population genetics, which has been used extensively in many theoretical models in evolutionary biology [1] [2] [3] [4] . The mutation rate has generally been assumed to be fixed across individuals within populations [5] , although it has been speculated that an increased mutation rate could be an adaptive response of a genotype exposed to an unfavourable environment [6] . Nevertheless, several early studies hinted at the possibility that individual mutation rate can depend on the genotype or the physiological condition of the individual [7] . Thus, experiments using the fruitfly, Drosophila melanogaster, suggested that female repair of induced mutagenesis in spermatozoa prior to fertilization may be influenced by temperature [8] , infrared irradiation of eggs [9] , diet [10, 11] , antibiotics [12] and female genotype [13] .
Recent experiments further show that the mutation rate may vary between individuals within a population, depending on their condition. These results primarily come from experiments with unicellular organisms [14, 15] , but three recent studies of D. melanogaster indicate that the mutation rate may be dependent on condition also in multicellular organisms. In one study, the genetic quality was manipulated by allowing one population of flies to accumulate more deleterious mutations compared with another population [16] . It was subsequently shown that flies derived from the mutation-accumulation population had a higher rate of decrease in viability consistent with an accelerated mutation rate with & 2012 The Author(s) Published by the Royal Society. All rights reserved genetic load [16] , or alternatively with an increased deleterious effect of mutations as a function of genetic load [17] . In another study, the authors manipulated the nutritional value of larval diet to create adult female flies that differed markedly in their condition [18] . In this study, the mutation yield of sexlinked recessive lethals was higher in low-condition flies [18] . Finally, Sharp & Agrawal [19] experimentally showed that low-quality genotypes suffer from elevated mutation rates, leading to positive mutational feedback.
Why would individual condition have an effect on individual mutation rate and what kind of effect? It has been hypothesized that individuals in poor condition will have fewer resources to invest in DNA repair, resulting in higher mutation rates [17] [18] [19] . Such a mechanism would have farreaching implications for the fate of the population, suggesting that populations suffering from increased mutation load will be prone to accumulating germline mutations at an ever increasing rate [17, 19] . Similarly, populations experiencing adverse environmental conditions would be more likely to produce mutation-ridden progeny. Finally, such a process would have implications for sexual selection because it would increase the cost of mating with a low-condition mate [18, 20] . Nevertheless, an opposing argument can be made that condition-reducing environmental stress would increase investment in somatic maintenance, including DNA repair, at the expense of investment in reproduction.
Trade-offs between investment in reproduction and somatic maintenance, including DNA repair, may change considerably with condition, so that relatively more resources could be directed towards repair when individuals are in low condition [21, 22] . For example, dietary restriction (DR) is the prime environmental intervention that increases lifespan in a wide variety of taxa from yeast to fruitflies to mammals [23 -27] . Consequently, DR has been associated with reduced levels of somatic mutations in mice [28] , although not in D. melanogaster [29] . Theory suggests that diversion of resources from reproduction to DNA repair in response to nutritional stress is beneficial as it allows the organisms to survive until conditions improve [21] . Interestingly, a study that manipulated the effect of adult diet on female repair of mutagenized sperm [11] reports results contrasting to those of Agrawal & Wang [18] : the frequency of sex-chromosome losses in mature sperm were higher in well-fed females compared with those starved. These results highlight an additional complication associated with this type of studies, namely that the effects of female or oocyte condition on DNA repair may vary for different types of genetic damage. For example, treating Drosophila females that received X-irradiated sperm with antibiotic actinomycin D resulted in an increase in the frequency of dominant lethals, but a decrease in recessive lethals and translocations resulted with in control females ( [12, 30] cited in Sankaranaryanan & Sobels [7] ).
While previous studies of condition-dependent mutation rate focused largely on the effects of abiotic stresses, resource availability and genetic condition, there are reasons to believe that social factors are likely to be at least as important. Sexual conflict over reproduction is a potential key contributor to changes in individual condition and, therefore, to variation in individual mutation rates. Sexual conflict results from divergent genetic interests of individual males and females in a population [31] and often leads to the evolution of behavioural, morphological or physiological traits in males that are harmful to females [32, 33] . The levels of sexual conflict are known to vary between species and populations [34, 35] , but the effect of the level of sexual conflict on individual mutation rate has never been investigated. Because increased levels of sexual conflict result in a reduction of female condition [36, 37] , it can also lead to elevated rates of mutation transmission because of reduced investment in DNA repair. Alternatively, this type of environmental stress can result in an increased investment in somatic maintenance, including DNA repair, followed by a reduced mutation rate in females affected by the presence of males.
Drosophila melanogaster has been used as a model organism to study male-female coevolution, and the economics of sexual conflict are well-known for this species [38, 39] . The cost of sexual conflict in this system is substantial and has been estimated to reduce female fitness by at least 20 per cent [40] . Therefore, male impact on female phenotypic condition can be high [36, 37] . While a large part of this cost is likely to come from male courtship and mounting attempts, as well as from completed matings, it is often difficult to separate the effects of such harassment by males from the costs of reproduction per se. However, it is possible to get around this problem using males lacking viable sperm as well as the bulk of accessory gland proteins (ACPs) [41] . Such males can court, mount and mate with females, but they do not stimulate egg production beyond the level observed in virgin females [41] .
In this study, we tested the effect of sexual harassment by males on female condition and mutation rate in D. melanogaster. The number of de novo mutations produced depends on two processes: (i) the damage to the genetic code and (ii) the proportion of damage that is not repaired. Mutation rate can easily be manipulated by exposing females to low levels of gamma radiation, but such an approach confounds germline mutation rate with the somatic mutation rate and, therefore, cannot be used to evaluate the effect of individual condition on mutation transmission [18] . To get around this problem, we focused on the second process, DNA repair, in order to separate between the induced mutation rate and female condition. Following Agrawal & Wang [18] , we made use of the fact that the D. melanogaster males cannot repair mutations in their sperm, whereas females can repair sperm DNA prior to fertilization with the help of repair proteins in their eggs. We used spermless and ACP-less males [41] to manipulate female exposure to male harassment, while not inducing a confounding effect owing to costs of reproduction. We manipulated mutation rate by supplying females with either mutagenized or non-mutagenized sperm, and female condition by varying the level of female exposure to male courtship under controlled densities in a 2 Â 2 design. This approach allowed us to estimate the effect of male harassment on the yield of dominant lethal mutations in females supplied with mutagenized sperm. Because previous studies reported different results of environmental effects on different types of genetic damage, we conducted additional experiments aimed at estimating the effect of harassment on the yield of sex-linked recessive lethal mutations. We found that male harassment strongly reduces female fitness in terms of net fecundity. However, our results reveal that male harassment does not increase mutation rate in females. Remarkably, females whose overall reproductive performance was greatly reduced by cohabiting with males were better at repairing defected male sperm. rspb.royalsocietypublishing.org Proc R Soc B 280: 20121874
Material and methods (a) Fly stocks
To manipulate the level of male harassment independently of female egg-laying rate, we used males from the DTA-E stock [41] kindly provided by M. Wolfner. These males court females and mate with them but do not transfer sperm or main-cell accessory gland proteins, and do not induce egg laying [41] . Variation in proportion of sperm carrying DNA lesions was manipulated via gamma radiation of males (see below). Males transferring normal or irradiated sperm came from the wild-type laboratory population LHm [38] . In the assay for dominant lethals, females also came from LHm. In the assay for sex-linked recessive mutations, we used females homozygous for the X-chromosome balancer FM1, marked with the dominant eye mutation B (bar eyes). These females had been backcrossed for many generations to the LHm population before the start of the experiments. Flies were reared on a 12 L : 12 D cycle at 258C. Standard sugar-yeast medium was used in all experiments.
(b) Experimental procedures (i) Dominant lethals
We independently manipulated female exposure to male harassment and the proportion of mutated male sperm transferred to females in a 2 Â 2 design. One-day-old virgin females (LHm) were either housed in 36 ml (22 mm wide and 95 mm high) vials without males in groups of 44 (30 vials: no harassment treatment), or in groups of 11 together with 33 DTA-E males (120 vials: harassment treatment), for 12 days. Flies were flipped into fresh vials every fourth day. On day 13, females from each of the low-harassment vials were transferred under light CO 2 anaesthesia to a fresh vial. Similarly, females from four high-harassment level vials were combined into a fresh vial. The 30 vials with females from each of the two sexual harassment level treatments were subsequently divided into two sets of 15 vials. Females from one set of vials were mated with irradiated males and females from the other set of vials to normal males, as follows. For each vial, 80 7-day-old wild-type males (LHm) were added for a period of 3 h. Previous experiments have shown that virtually all virgin females mate once and only once under similar conditions [42] [43] [44] . The males had either been gamma-irradiated to induce lesions in the sperm DNA or had been left untouched. Irradiated males had been exposed to 28 Gy. This level of radiation was chosen because previous studies [7] , as well as a pilot study in our laboratory (see the electronic supplementary material, figure S1), showed that about 60 per cent of all eggs fail to hatch owing to problems associated with irradiated sperm, when mated with males exposed to this level of radiation.
In the morning of day 14, females were flipped into egglaying chambers. These chambers contained small Petri dishes, filled with standard food medium topped with ad libitum yeast paste. After 4.5 h, the females were cleared, and the total number of eggs per Petri dish was counted. This number was taken as a proxy for female condition. Twenty-eight hours after the flies were removed from the egg-laying chambers; the dishes with eggs were stored at 48C, to stop further embryonic/larval development. The proportion of unhatched eggs was subsequently scored. The same procedure was repeated twice.
(ii) Sex-linked recessive lethals
In order to measure the effect of sexual harassment on the rate of transmission of sex-linked lethals, we used a modified protocol of the Basc method [45] . In two independent experiments, females homozygous for FM1 were either kept in vials of 44 females (14 vials) or in groups of 11 with 33 DTA-E males (55 vials), for 6 days in experiment 1 and 9 days in experiment 2. These females were subsequently divided into groups of two and housed with two 7-day-old-irradiated LHm males overnight. Males were irradiated with 45 Gy in experiment 1 and with 50 Gy in experiment 2. In the morning, males and females were discarded, and the number of eggs laid in the mating vials was scored for 100 vials in each treatment group (in experiment 2, we scored 98 vials from the harassed females and 107 vials for non-harassed females) and taken as measure of female condition. Nine days later, virgin females (on average 2.23 + 0.07 s.e., daughters per two mothers), heterozygous for the FM1 and the paternally derived irradiated X chromosome were collected. These females were subsequently mated with non-irradiated LHm males, and the number of FM1/Y and X irradiated /Y sons from these crosses was scored to estimate the proportion of sex-linked lethals in different treatment groups.
(c) Statistical analyses
We used ANOVA to test for the effect of sexual harassment on female condition in the assay for dominant lethals. We used eggs laid per female as the dependent variable, which was logtransformed prior to the analyses. To simultaneously test whether male irradiation status had an effect on female fecundity, we used a full factorial two-way fixed effects ANOVA with sexual harassment level and male irradiation status as fixed factors.
The proportion of eggs that fail to hatch after females mated with males with irradiated sperm, I, depends both on the proportion of eggs that normally fail to hatch, N, and the proportion of eggs that fail to hatch owing to the effect of irradiation r. The relationship between I, N and r can be expressed in the following way:
In our experiments, we measured I and N in 15 replicates for each treatment group. To test for the effect of elevated exposure to sexual harassment on female capacity to repair irradiated sperm, we used our estimated values of I and N to calculate r for each replicate. These values were compared between treatment groups in two different ways. Because there was no connection between replicates in which females were exposed to irradiated and normal males, we calculated the mean N-value per treatment group across the 15 replicates that had been exposed to normal males, and used these values to calculate 15 r-values per treatment group (these 15 r-values were used to calculate s.e.). We then used t-test to test for a difference between treatments. Furthermore, we also bootstrapped the data, by randomly sampling with replacement, of 15 N replicates and 15 I replicates that we randomly paired up separately for each treatment group. From these pairs, we calculated 15 r-values. We then calculated the difference between the sum of the r-values of females that had been exposed to sexual harassment and those that had not. This procedure was repeated 100 000 times to calculate a 95% CI for the difference in r between treatment groups. We note that the results are the same if the data are analysed in a two-way full factorial ANOVA with sexual harassment level and male irradiation status as factors, but the approach described above is more accurate.
To evaluate the effect of sexual harassment on female ability to repair X-linked recessive mutations, we applied a modified version of the analyses used by Agrawal & Wang [18] . Provided that the X-chromosome transmitted from the irradiated grandfather did not express a recessive mutation, the proportion of the two genotypes of grandsons (FM1/Y and X irradiated /Y) should be the same (assuming no intrinsic viability difference between the genotypes). However, whenever the X irradiated chromosome carries a recessive lethal, or a nearly mutation, the proportion of X irradiated /Y sons to FM1/Y sons should be very low. For each set of grandsons originating from a single mother, we calculated r ¼ L 1/20 /L 1/2 , where L 1/2 is the likelihood that the observed proportion of X irradiated /Y sons is drawn from a binominal distribution where both genotypes rspb.royalsocietypublishing.org Proc R Soc B 280: 20121874 occur at 50 per cent, and L 1/20 is the corresponding likelihood that the observed proportion is drawn from a population where X irradiated /Y sons occur at 5 per cent. The ratio of these likelihoods thus indicates the likelihood that the observed proportion of X irradiated /Y sons came from a population where the occurrence of these sons was found to be 5 per cent compared with 50 per cent. We classified all broods with an r ! 10 as broods with a lethal, or near to lethal recessive X-linked mutation, and broods with an r 0.1 as broods not containing a nearly lethal recessive X-linked mutation. Broods falling in between these r-values were classified as unknown with respect to whether the X irradiated chromosome carried a recessive lethal or not and were excluded from any further analyses. We then used a two-proportion z-test to evaluate whether the proportion of X-linked recessive lethals differed between grandsons of females exposed to different level of sexual harassment.
Results (a) Dominant lethals
Females that had been exposed to males laid significantly fewer eggs compared with females that were housed together with other females (mean + s.e., not exposed to males: 2.21 + 0.06; exposed to males: 0.73 + 0.06), while mating to irradiated males had a small but significant negative effect on female fecundity (mean + s.e. mated with normal males: figure 1a) .
Offspring of females exposed to sexual harassment suffered less from dominant lethals compared with offspring of females that had not been exposed (mean r + s.e. exposed to males: 0.34 + 0.03; not exposed to males: 0.49 + 0.03; t ¼ 3.27, d.f. ¼ 27, p ¼ 0.0029; figure 2 ). The bootstrap 95% CI for the difference between treatment groups confirmed this result (r exposed to males 2 r not exposed to males : 24.37 2 2 0.17).
(b) Sex-linked recessive lethals
In these experiments, females also laid fewer eggs after exposure to males (mean + s.e., experiment 1 and experiment 2: exposed to males: 41.6 + 1.02, 15.8 + 1.79; not exposed to males: 45.6 + 0.98, 33.1 + 1.97; t ¼ 2.84, 6.43; d.f. ¼ 198, 203; p ¼ 0.005, p , 0.0001; figure 1b,c) .
In experiment 1, we scored 40 683 male offspring of 872 females. Thirty-two out of 341 classifiable females whose mothers had been exposed to sexual harassment likely carried an X-linked recessive lethal. For females whose mothers had not been exposed to sexual harassment these numbers were 45 out of 422. There was no difference in the frequency of X-linked lethal mutations between treatment groups (z ¼ 0.59; p ¼ 0.55). In experiment 2, we scored 26 462 male offspring of 858 females. The corresponding numbers of classifiable females were 33 carrying an X-linked recessive lethal out of 271 exposed to sexual harassment and 66 out of 429 not exposed to sexual harassment. There was again no difference in the proportion of X-linked recessive lethals among treatment groups (z ¼ 1.21; p ¼ 0.23). In both experiments, if anything, there was a tendency towards recessive lethals being transmitted at a higher rate through high-condition females, but the combined p-value of these assays was not significant (Fisher's combined probability test,
Discussion
Females consistently suffered from cohabitation with males across three different experiments with reductions in fecundity ranging from 8.77 to 66.97 per cent, depending on the amount and the context of exposure to male harassment. On the other hand, females that were exposed to males were better able to cope with mutagenized sperm and had relatively lower levels of dominant lethal mutations in their offspring, while there was no measurable effect on the recessive lethals. The costs of sexual conflict in fruitflies are well-documented, and our study is in line with previous results with respect to fecundity [36, 37, 43] . However, the effect of male harassment on DNA repair in females suggests that social effects are likely to mediate conditiondependent mutation rate and this may have important evolutionary implications. rspb.royalsocietypublishing.org Proc R Soc B 280: 20121874
Our finding that females cohabiting with males were better able to repair damage to male sperm corroborates the hypothesis that environmental stress results in increased investment in somatic maintenance, including investment in DNA repair [21, 46, 47] . A model by Shanley & Kirkwood [21] explicitly predicts that animals should respond to food shortage, which corresponds to the classic prolongevity effect of DR on lifespan [23, 26] , by increasing investment in DNA repair even at the cost of temporary reduction or complete cessation of reproduction. There is a large body of literature that provides both indirect and direct empirical support for the role of stress in upregulation of repair mechanisms ( [48] reviewed in [49] ). For example, repair of DNA damage measured as unscheduled DNA synthesis was higher in the cells of mice and rats kept under DR compared with cells from ad libitum fed animals [49] . Similarly, pretreatment with heat shock resulted in improved DNA repair in yeast [50] . More generally, sirtuin protein (SIRT6) has recently been shown to stimulate DNA repair in cells under increased oxidative stress [51] . This multifunctional protein is a member of sirtuin family of proteins that play a key role in regulating metabolism, lifespan (but see Burnett et al. [52] ), chromosomal stability and stress response across taxa [53, 54] . This recent finding directly integrates stress signalling and DNA repair pathways by showing that repair increases 16-fold under stress [51] .
Our results differ from Agrawal & Wang [18] who manipulated larval nutrition, but are similar to Clark [11] who manipulated adult nutrition in fruitflies. Agrawal & Wang [18] found increase in recessive lethals in flies that were undernourished during their development, whereas we found decrease in dominant lethals and no effect in recessive lethals in flies that were in poor condition after their exposure to males. While Agrawal & Wang's [18] study had more power to detect the effect in recessive lethals, it is worth noting that, in our study, the direction of the effect was opposite in both experiments on recessive lethals and in line with our finding regarding dominant lethals-i.e. reduced mutation rate in poor condition flies. This directionality formally allows us to use Fisher's combined probabilities approach across all three experiments and the result suggests that flies exposed to males had overall higher mutation
However, we do not believe that it is useful to estimate the overall mutation rate in the case of this study and for this reason we present this test in §4 rather than in §3. Earlier studies indicated that the effect of maternal physiological condition on mutation rate can vary depending on the specific environmental effect involved and the type of damage that was assessed in the experiment [7,10 -12] . For example, treating fruitflies with an antibiotic actinomycin D led to an increase in dominant lethals but to a decrease in recessive lethals and translocations [12, 30] . Interestingly, this latter finding was interpreted as decrease in efficiency of repair, leading to increase in dominant lethals and a decrease in translocations and recessive lethals, which could arise as a result of misrepair [7] . While we find this suggestion highly speculative in the absence of concrete evidence, it is possible to interpret the results of Agrawal & Wang [18] as an indication of reduction in repair efficiency. However, in our study, we definitely did not find any reduction in recessive lethals, and we suggest that taken together the results of all studies point to the possibility that repair is upregulated when animals are stressed ( [11] and this study) but may proceed less efficiently when animals are severely affected by the lack of resources [18] or by genotoxic stress [19] . Male -female coevolution is a dynamic process and the intensity of sexual conflict, as well as the absolute cost of intersexual interactions for both sexes, is likely to differ across populations at different points in evolutionary time [43, 55, 56] . For example, the cost of mating for females can be higher in populations where male secondary sexual traits that increase male mating success at the cost to females are one step ahead of female defences in the evolutionary arms race [57] . Our results suggest that in populations where females experience higher absolute cost of mating or male harassment, both female fecundity and population mutation rate will be reduced. Reduction in mutation rate can be beneficial for population viability but can also have negative effects during adaptation to a novel or changing environment. For example, the rate of adaptation in populations of fruitflies increased when mutation rate was increased by X-irradiation [58] . While theory predicts that sexual selection is likely to accelerate the rate of adaptation to a novel environment [59 -62] , recent experimental studies struggled to support this prediction [63 -65] (but see Long et al. [66] ). Sexual conflict has been repeatedly invoked as a potential explanation for the lack of positive effects of sexual selection on the rate of adaptation [63 -65,67] . This study provides yet another potential reason for why sexual selection often fails to promote adaptation-the mutation rate in the population can be higher when sexual selection and sexual conflict are removed or reduced.
To summarize, we showed that male harassment reduces fecundity but increases the repair of mutagenized sperm in female fruitflies. This result is in line with the hypothesis that exposure to stress increases investment in DNA repair. We found a strong effect of exposure to males on dominant lethals but no measurable effect on recessive lethals, which is in line with previous reports suggesting that effects of maternal environment on repair can differ depending on both the type of stress suffered and the type of damage incurred [7] . While several studies indicated that mutation rate can depend on genotoxic stress [19] and resource availability [11, 18] , the role of social effects remained rspb.royalsocietypublishing.org Proc R Soc B 280: 20121874 largely unexplored. These results put forward social effects as potential major contributors to condition-dependent mutation rate. Given the prevalence of social effects such as density or courtship on individual condition, the extent of these effects on mutation rate in different organisms, as well as their long-term evolutionary implications, require further investigation.
